IMPORTANCE Tests that predict outcomes for patients with acute myeloid leukemia (AML) are imprecise, especially for those with intermediate risk AML.
RESULTS Analysis of comprehensive genomic data from the 71 patients did not improve outcome assessment over current standard-of-care metrics. In an analysis of 50 patients with both presentation and documented remission samples, 24 (48%) had persistent leukemia-associated mutations in at least 5% of bone marrow cells at remission. The 24 with persistent mutations had significantly reduced event-free and overall survival vs the 26 2.88 (1.11-7.45) CONCLUSIONS AND RELEVANCE The detection of persistent leukemia-associated mutations in at least 5% of bone marrow cells in day 30 remission samples was associated with a significantly increased risk of relapse, and reduced overall survival. These data suggest that this genomic approach may improve risk stratification for patients with AML. A pproximately 20% of adult patients with acute myeloid leukemia (AML) fail to achieve remission with initial induction chemotherapy, and approximately 50% ultimately experience relapse after achieving complete remission. [1] [2] [3] Even though potentially curative therapy (eg, allogeneic hematopoietic stem cell transplantation) is now available for many patients, this therapy is expensive and is associated with significant morbidity. Thus, identif y ing patients at high risk for relapse would be clinically useful and is the basis of current risk stratification approaches, which include conventional karyotyping, clinical features, and the mutational status of a limited panel of genes. [4] [5] [6] [7] [8] [9] Genomic approaches have identified somatic mutations in coding genes that are associated with outcomes, however, no study has yet addressed whether mutations in noncoding and regulatory regions may further improve outcome predictions for adults with de novo AML. Further, it is not yet clear whether genomic approaches can be used to assess the clearance of leukemia cells after chemotherapy, which has historically been done by morphologic examination and more recently, by multicolor flow cytometry. 10, 11 The known prognostic value of persistent clonal cytogenetic abnormalities in remission samples 12, 13 (which is relevant for the 50%-60% of AML cases with clonal cytogenetic abnormalities at presentation) suggests that higher-resolution genomic approaches that can be applied to all AML samples may provide useful prognostic information.
In this study, we used whole-genome sequencing to determine whether mutations anywhere in the genome (either coding or noncoding regions) detected at presentation were associated with outcomes in patients with AML. We also evaluated an alternative approach: tracking the clearance of leukemia-associated mutations after induction chemotherapy (using approaches that should be informative for nearly all AML cases) to determine whether persistent molecular disease was associated with less-favorable clinical outcomes.
Methods

Patient Selection
All samples from patients with AML were collected as part of a study approved by the Human Research Protection Office at Washington University School of Medicine. All patients provided informed consent explicit for whole-genome or exome sequencing, using a protocol approved by the Washington University School of Medicine Institutional Review Board.
Patients were selected from a larger cohort of more than 500 adult patients (enrolled from March 2002 to December 2013). Previously, we studied 200 of these cases (chosen to reflect the natural distribution of AML cases) for The Cancer Genome Atlas (TCGA) AML study. 8 Of the 71 patients de-scribed herein, 68 were also included in the TCGA study and the diagnostic material was banked prior to 2010. These samples were selected for further study after excluding patients with good risk cytogenetic abnormalities, lack of intensive induction chemotherapy, or death during induction therapy, in accordance with accepted guidelines (for full description, see eMethods, section A.1.1, in the Supplement). 14 All 68 of the cases chosen for this study received intensive chemotherapy with an induction regimen of intravenous cytarabine (100 mg/m 2 × 64 patients; 200 mg/m 2 × 4 patients) and an anthracycline (either idarubicin or daunorubicin). Patients were then divided into 3 outcome-stratified groups: (1) the refractory group, including patients with primary refractory disease after 2 rounds of induction chemotherapy, and also patients with relapse in less than 6 months;
(2) the R6-12 group, including patients with relapse between 6 and 12 months; and (3) the long first remission group (LFR), including patients with chemotherapy only, surviving at least 12 months without an allogeneic stem cell transplant. To identify additional patients fulfilling these criteria, we reanalyzed our updated database and found 3 additional refractory group patients who were not included in the TCGA study. No additional LFR patients were available. We allowed for up to 2 rounds of intensive induction chemotherapy to achieve complete remission, consistent with other recent studies. 15 Patients with a documented relapse within the first year were included in the study (in either the refractory or R6-12 groups), regardless of transplantation status.
Thirty-five of these 71 patients had formalin-fixed paraffin-embedded postchemotherapy remission samples at approximately day 30 available for targeted sequencing to follow the clearance of each leukemia-specific mutation in remission; 25 of these samples provided adequate DNA for further testing. We also identified 25 additional cases with cryopreserved cells available from presentation and at first remission at approximately day 30, as well as a bone marrow sample from a first remission that lasted at least 1 year, or at first relapse (banking of all AML patient follow-up samplesincluding day 30 and remission samples-began at our institution in late 2011; the diagnostic material for the 25 patients selected for this study was therefore banked between 2011 and 2013, allowing for a follow-up period of at least 1 year after presentation). Cases of acute promyelocytic leukemia were excluded from this cohort of 50 cases because these patients received all-trans-retinoic acid as part of induction therapy, but we included 6 cases with translocations producing RUNX1-RUNX1T1 (GenBank 861 and 862) or CBFB-MYH11 (GenBank 865 and 4629) fusions. For all cases, cytogenetic risk was determined by conventional cytogenetics or fluorescence in situ hybridization, unless otherwise stated.
Identification of Recurring Nonprotein Coding Mutations
Using whole-genome sequence data from 110 AML samples sequenced at the McDonnell Genome Institute (including all 58 whole-genome sequencing cases reported in this study), we assessed all genomic regions that were sequenced to adequate depth for variant calling. We identified 8673 regions with recurrent putative mutations, and these sites were then
Identification of Germline Polymorphisms
A total of 518 germline variants that were exclusive to either refractory group or LFR group samples were identified from whole-genome sequencing, and then validated with targeted sequencing. We conducted standard association analysis in PLINK, 16,17 version 1.07, by comparing allele frequencies between affected (LFR group, 25 patients) and unaffected (refractory group, 34 patients) patients. We obtained the results of a 1df χ 2 with asymptotic significance value. Bonferroni correction was used to account for multiple comparisons.
mRNA and miRNA Analysis RNA sequencing data was obtained for 45 of 71 samples (42 from the TCGA study, plus the 3 new refractory cases), and differentially expressed transcripts between the refractory group (n = 26) and LFR group (n = 19) were inferred using edgeR (Bioconductor), version 2.6.12. 18 Each differentially expressed transcript was required to exceed a fragments per kilobase of transcript per million mapped reads (FPKM) value of 1 in at least 50% of either the refractory or LFR samples or both. Unsupervised hierarchical clustering was performed for the 1000 most variably expressed transcripts across all 45 samples using the heatmap.2 function (with default clustering parameters) in the gplots package for R (R Foundation), version 2.8.0. MicroRNA (miRNA) expression data was available for 24 refractory group cases and 19 LFR group cases. Differentially expressed miRNAs were detected using edgeR.
Outcomes
Outcomes were assessed according to standard guidelines. 14 Event-free survival was defined as the period of time from diagnosis to treatment failure, relapse, or death from any cause. Overall survival was defined as the period of time from diagnosis to death. Patients were required to complete appropriate induction chemotherapy and were then evaluated by bone marrow biopsy approximately 30 days after induction initiation.
Statistical Approach
P values for continuous variables were calculated from the Kruskal-Wallis test, categorical values were compared with the Fisher exact test, and time-to-event comparisons were from the log-rank test with univariate proportional hazards regression used to calculate hazard ratios. Multivariate proportional hazards models were constructed for both event-free survival and overall survival. Covariates considered included cytogenetics, clinical variables such as age, white blood cell count, and the percentage of bone marrow blasts, as well as somatic mutations and mutation clearance. Details are presented in the eMethods, section A.7, in the Supplement. All significance tests are 2-tailed, with a P value of .05 used as the threshold for statistical significance. Statistical analyses were performed with SAS (SAS Institute), version 9.3.
Sequencing
The sequence data for all tumors and matched normal samples has been deposited in the database of Genotypes and Phenotypes (dbGaP) under accession number phs000159.v6.p4.
Additional information is available in the Supplement.
Results
Patient Characteristics and Genomic Findings for the AML Cases Analyzed at Diagnosis
Among the 71 patients with de novo AML whose initial diagnostic samples were analyzed, 34 were in the refractory group, 12 in the R6-12 group, and 25 in the LFR group (Figure 1 , Table, and eTable 1 and eFigure 1 in the Supplement). Those with intermediate-risk AML (n = 52) were more commonly in the LFR group, but were found in all 3 cohorts. No significant differences were observed in the number of coding mutations, in the number of total genomic mutations in the whole-genome sequencing cases, or in the number of detectable subclones among the groups (eFigures 2-3 and eTables 1-2 in the Supplement). More copy number alterations were detected among patients in the refractory group because more of these patients had unfavorable cytogenetic profiles, which is associated with complex cytogenetic abnormalities (eFigure 4 and eTable 3 in the Supplement).
For these 71 cases, FLT3 (GenBank 2322; n = 33 mutations [29 cases]), NPM1 (GenBank 4869; n = 28 mutations [28 cases]), and DNMT3A (GenBank 1788; n = 26 mutations [23 cases]) were the most commonly mutated genes (eFigure 5 in the Supplement). Mutations in genes involved in drug metabolism (eg, components of cytarabine metabolism or solute carrier family members) were uncommon (eFigure 6 in the Supplement). Although mutations in a few genes and functional categories (eTable 4 in the Supplement) were enriched in the different outcome groups, the mutational spectrum at presentation was not significantly associated with outcomes (eMethods, section A.2.9 and A.7, and eFigure 7 in the Supplement).
Identification of Recurring Mutations in Nonprotein Coding Regions
Using a genome-wide discovery approach and targeted validation sequencing, we identified 25 regions of 10 kbp or less that contained mutations in 4 or more cases (eFigure 8 and eTable 5 in the Supplement); 13 regions contained mutations in proteincoding genes only, whereas the remaining 12 had at least 1 noncoding mutation (including mutations affecting antisense transcripts within the WT1 gene: WT1-AS [GenBank 51352]). Eight of these regions were characterized exclusively by noncoding variants, but none were common enough to be associated with an outcome group (eTable 6 in the Supplement).
Identification of Germline Polymorphisms and Expression and Methylation Patterns
Neither an analysis of the whole-genome sequencing data nor a focused interrogation of polymorphisms associated with chemotherapeutic response or neoplasia (eFigure 9 and eTable 7
Genomic Assessment of Mutation Clearance After Induction Chemotherapy
These data suggested that comprehensive genomic characterization of adult AML samples at presentation added little additional prognostic value beyond standard approaches (eg, cytogenetics, age, or identification of coding mutations in genes that are recurrently mutated in AML). We therefore investigated whether digital sequencing could be used to follow the clearance of leukemia-specific mutations after the bone marrow recovered from induction therapy, and whether this approach could improve risk stratification for AML patients. All 50 cases in this part of the study met morphologic criteria for complete remission (<5% blasts) approximately 30 days (median, 34 days [interquartile range, 30-38]) after the initiation of induction chemotherapy (and all but 1 patient also had complete recovery of peripheral counts at the sampling date). 19 We first identified 25 previously unsequenced, de novo AML samples from patients who achieved morphologic remission at approximately day 30, with cryopreserved cells banked at presentation, at approximately day 30, and at follow-up (either at first relapse or during a prolonged first remission; eTable 14 in the Supplement). All samples for these 25 cases were sequenced using a modified exome capture reagent with additional probes covering all of the exons of the 264 recurrently mutated genes (RMG) in AML 8 (hereafter referred to as the AML-RMG capture set; for additional information about enhanced exome sequencing, see eMethods, section A.6.1, in the Supplement). The mean coverage of exome variants in the day 0 samples from this set was 199X, with 383X coverage for genes in the AML-RMG capture set. In the day 30 samples, the mean coverage of all leukemia-associated variants previously identified on day 0 was 256X, and 543X for those in the AML-RMG capture set (eTable 15 in the Supplement).
To increase the number of cases available for this analysis, genomic DNA was extracted from day 30 remission formalin-fixed, paraffin-embedded bone marrow biopsy samples from 35 of the 71 cases described in the first part of We selected 6 to 15 somatic mutations (mean, 12.1) identified at day 0 from each case, and assessed their presence in the day 30 remission bone marrow (mean coverage of these leukemiaassociated variants on day 30, 14 780X). A total of 597 variants (eTable 16 in the Supplement) identified in the day 0 samples were deeply sequenced in the 50 remission samples, with a mean of 11.9 variants per case (range, 5-30). Even though all 50 patients were in morphologic remission on day 30, the clearance patterns of leukemia-associated mutations varied substantially among samples (Figure 2 , panels A-D). Some patients essentially cleared all variants on day 30 (Figure 2A) , whereas among other patients, only a few of the mutations were cleared and the same mutations returned at relapse ( Figure 2B ). In other cases, remission at day 30 was associated with clearance of a subset of the mutations (probably representing subclones), whereas the founding clone mutations persisted in virtually all cells, despite the normal morphology of the samples (Figure 2C and 2D ). We separately evaluated the cases with follow-up exome sequencing with an event-free survival of 12 months or less (n = 16 cases) vs an event-free survival of more than 12 months (n = 9 cases) ( Figure 2 , panel E vs F). Many more patients with an eventfree survival of 12 months or less had persistent disease (as measured by the maximum day 30 variant allele frequency [VAF] for each patient), as compared with those with an event-free survival of more than 12 months (mean maximum VAF, 18.39 for ≤12 months vs 0.56 for >12 months; P = .01). Importantly, the same persistent day 30 variants often increased at relapse, as cells containing these mutations reexpanded.
The determination of whether a mutation is present at levels above background sequencing error depends not only on sequencing depth, but also on sequence context, and the error rate of the sequencing platform. Because different sequencing platforms and levels of coverage were used in the two 25-sample cohorts (and to ensure that these data would be broadly applicable to other studies using different sequencing approaches), we applied VAF thresholds for each variant in the day 30 remission sample. Because nearly all somatic mutations in AML genomes are heterozygous, 8 a mutation with a VAF of 2.5% on day 30 (day 30-VAF 2.5% ) suggests that 5% of the cells in that sample contained that mutation. In addition to being a conservative threshold that is robust across different genomic contexts, coverage levels, and sequencing platforms, the day 30-VAF 2.5% threshold is congruent with previous studies of leukemia clearance using karyotypic analysis (ie, 1 in 20 metaphases), and can easily be extended to other molecular technologies.
Of the 597 variants followed at day 30, 109 variants (18.3%) had a day 30 VAF of 2.5% or more. To determine whether day 30 clearance was associated with relapse or survival, we stratified patients based on the presence or absence of leukemiaassociated variants at this level in the day 30 samples. Twenty-four of the 50 cases had at least 1 persistent (noncleared) mutation at day 30 (Figure 3 , left side); many cases had several variants that persisted (mean, 4.5). The number of variants above this threshold varied widely among the cases, but having more persistent variants was not significantly associated with a shortened time to relapse (eFigure 15 in the Supplement). Of the 24 cases that failed to clear all mutations on approximately day 30, 10 cases were in the cohort of 25 cases assessed with exome sequencing, and 14 cases were in the Ampliseq cohort (P = .40).
Only a subset of the persistent mutations were in recurrently mutated AML genes (diamonds in Figure 3) , with the remainder occurring elsewhere in the genome. Eight cases had only 1 persistent mutation at day 30, with 4 of these occurring in DNMT3A (GenBank 1788). Overall, of the 16 DNMT3A mutations (in 13 cases), only 3 were cleared on day 30. Mutations in TET2 (GenBank 54790) were often persistent in remission, whereas mutations in FLT3, NRAS, and KRAS (GenBank 2322, 4893, and 3845) were usually cleared below the VAF threshold ( Figure 4) .
The 24 cases with at least 1 persistent day 30-VAF 2.5% mutation had significantly reduced event-free survival ( Figure 5A ; median, 6.0 months [95% CI, 3.7-9.6]) compared with the 26 cases that cleared all mutations at the day 30-VAF 2.5% threshold (median, 17.9 months [95% CI, 11.3-40.4], log-rank P < .001; hazard ratio [HR], 3.67 [95% CI, 1.93-7.11], P < .001). A similar reduction in overall survival was also found (median, 10.5 months [95% CI, 7.5-22.2] for persistent mutations vs 42.2 months [95% CI, 20.6-not estimable] for cleared mutations, logrank P = .003; HR, 2.86 [95% CI, 1.39-5.88], P = .004) ( Figure 5B) . A day 30-VAF threshold of ≥1.0% resulted in more persistent variants (169 variants [28.3%]), but differences in event-free survival were still significant (7.9 months [95% CI, 4.5-9.9] for persistent mutations vs 25.6 months [95% CI, 11.4not estimable] for cleared mutations, log-rank P = .001; HR, 3.33 [95% CI, 1.61-6.89], P = .001; eFigure 16 in the Supplement). In multivariate proportional hazards regression models, both thresholds were significant with respect to event-free survival in multivariate models: the HR for day 30-VAF 1.0% was 2.58 (95% CI, 1.17-5.69, P = .02); for day 30-VAF 2.5% , 3.52 (95% CI, 1.68-7.39, P = .001) (section A7 in the Supplement). Neither the day 30-VAF 1.0% nor the day 30-VAF 2.5% was significant in the multivariate model for overall survival when considering all 50 patients, most likely due to the contribution of cytogenetic findings in the 6 favorable risk cases (for the multivariate model for overall survival: day 30-VAF 1.0% , HR, 1.90 [95% CI, 0.70-5.18], P = .21; day 30-VAF 2.5% , HR, 2.14 [95% CI, 0.93-4.99], P = .07).
Analysis of the 32 intermediate-risk cases ( Figure 5C and Figure 5D ) revealed that the detection of at least 1 persistent mutation (n = 14 patients) compared with cleared mutations (n = 18 patients) was also associated with reduced event-free survival ( . Panels E and F, for the 25 samples with follow-up exome sequencing, the clearance patterns of all leukemia-associated variants detected on day 0 are separately shown for patients with an event-free survival of 12 months or less (n = 16, panel E) or more than 12 months (n = 9, panel F). a The high TET2 VAF levels (75%-90%) in panel C suggest that 1 copy of TET2 was probably deleted in the founding clone of this acute myeloid leukemia sample. Downloaded From: https://jamanetwork.com/ by a Non-Human Traffic (NHT) User on 02/06/2020 log-rank P = .02; HR, 2.88 [95% CI, 1.11-7.45], P = .03). In contrast, there was no association of event-free survival with the mutation status of DNMT3A, NPM1, or FLT3 (eFigure 17 in the Supplement). Associations with adverse outcomes were also significant when the day 30-VAF 1.0% threshold was applied (eMethods, section A.7, and eFigure 18 in the Supplement).
Discussion
In this study of adult patients with de novo AML treated at a single academic center, novel risk-assessment biomarkers were not identified by extensively evaluating the presentation tumor sample from 71 similarly treated patients with very different outcomes. However, the persistence of leukemia-associated variants approximately 30 days after initiation of chemotherapy was assoc iated with an increased risk of relapse, using a genomic approach that should be informative for nearly all AML cases. Using data from 50 patients from 2 separate AML patient cohorts and different sequencing platforms, we found a statistically significant association between the detection of persistent disease-specific variants at day 30, and a shorter event-free survival and overall survival. These associations also were found among the 32 AML cases with intermediate risk cytogenetics, which are difficult to classify using information available at diagnosis. Previous studies have shown a strong association between persistent clonal cytogenetic markers in first remission samples, and an increased risk of relapse. 12, 13 Although the sensitivity of this technique is low-only 1 in 20 metaphases (ie, 5% of cells)-it still has considerable prognostic value when it is applicable ( approximately 50%-60% of AML cases). Although this approach holds no value for patients with normal karyotype AML, it provides an important scientific foundation, and a benchmark for the sensitivity threshold used in this study. Direct comparison of the 2 methods was possible for the 14 cases with clonal a Three cases that received an allogeneic transplant in the first complete remission. Exclusion of these 3 cases from the analysis did not significantly alter the outcome results. b The median event-free survival of cases with a day 30 VAF of less than 2.5% for all mutations was 17.9 months vs 6.0 months for the cases in which at least 1 variant persisted with a VAF threshold of 2.5% or more (P < .001).
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cytogenetic abnormalities at presentation: using the day 30-VAF 2.5% threshold, all 6 cases with persistent cytogenetic abnormalities at day 30 also had persistent mutations. Of the 8 cases with complete cytogenetic clearance at day 30, 5 had persistent mutations. These data suggest the methods correlate well, but that digital sequencing is more sensitive, probably because it samples many more cells, and more mutations, than standard karyotyping. Although this study was too small to establish an optimal sensitivity threshold for mutation clearance and outcome predictions, our data (and previous cytogenetic clearance studies) suggest that ultrasensitive methods after induction therapy may not be required to improve risk assessment. In fact, these methods may overestimate the risk of relapse and cause patients to be overtreated. For example, RUNX1-RUNX1T1 fusions can often be detected by ultrasensitive polymerase chain reaction methods in patients who are in long, durable remissions. 20, 21 Further studies are needed to fully understand the levels of sequencing sensitivity that will be required for optimal risk assessment.
These data also provide biological information regarding the clonal structure of AML cases, which may be relevant for clinical testing. For example, NPM1 mutations were cleared below the day 30-VAF 2.5% threshold in all 18 cases; in contrast, 12 of 15 DNMT3A mutations (in 13 cases) persisted on day 30, and 12 of these 13 cases have relapsed. There were 8 doubly mutant AML cases with persistent DNMT3A mutations in remission despite clearance of NPM1, consistent with the hypothesis that DNMT3A mutations often precede NPM1 mutations. 22, 23 In 4 cases, only DNMT3A mutations remained on day 30 (3 cases have relapsed, but 1 remains in remission at 25 months), consistent with other reports of persistent DNMT3A mutations found in remission samples. 22, [24] [25] [26] Mutations in TET2 were also likely to persist at day 30, which corroborates recent studies that identified DNMT3A, TET2 and other mutations in the peripheral blood of elderly individuals with clonally skewed hematopoiesis, but no overt myeloid disease. [27] [28] [29] [30] Collectively, these data support the hypothesis that these mutations are initiating events for AML, but are not sufficient to directly cause this disease. In contrast, somatic mutations that activate signaling pathways (eg, mutations in FLT3, KRAS, or NRAS) were usually cleared on day 30, suggesting that subclones containing these mutations may be more sensitive to induction chemotherapy. Although the optimal method for measuring clearance of AML cells following induction chemotherapy is currently unknown, this study suggests that monitoring a small subset of genes may have limited usefulness for many AML cases. Even testing with the panel of 264 genes that are recurrently mutated in AML will be inadequate for assessing clearance for some patients (eg, 5 cases from this set of 50). Flow cytometry-based assessment of residual disease in pediatric acute leukemias is becoming well established, 11, 21, 31, 32 and recent data suggest that the same will apply to adult AML cases. 10 However, this test was not available for the patients studied in this report, because they were enrolled in the study approximately 2 to 10 years ago, and because it is not yet a standard-of-care test for adult patients with AML. The detection of residual disease by flow cytometry and the measurement of clonal clearance by digital sequencing are very different assays with different sensitivities and specificities, and potentially different strengths and weaknesses, and will need to be compared in future prospective studies.
Some of the conclusions of this study are limited in scope, primarily because of the relatively small sizes of the sample cohorts. For example, recurrent mutations in noncoding regions of AML genomes were identified in this study, but were not common enough to be associated with outcomes. Larger studies will be needed to further investigate the importance of these regions for AML pathogenesis, as AML indicates acute myeloid leukemia; VAF, variant allele frequency. Data were censored at last contact or at January 21, 2015.
Research Preliminary Communication Mutation Clearance After Chemotherapy and Outcomes in AML well as any rare polymorphisms that may influence AML development or drug resistance. Likewise, the lack of a strong association with mutational status and patient outcomes may be related to the relatively small size of this study. However, another recent study has also shown that the mutational status of NPM1 and FLT3 are not as strongly associated with outcomes as previously suggested. 5 The lack of the predictive value of individual mutations in presentation AML samples also reflects the now well-recognized combinatorial complexity of AML-associated mutations: most AML cases have at least 3 to 5 driver mutations, occurring in the more than 250 genes that are recurrently mutated in this disease; this yields an extraordinary number of mutation combinations that could be relevant for pathogenesis and outcomes. 8 This study was not designed to make definitive statements about such mutation combinations because a very large number of samples would be needed to identify all significant co-associations. For example, we only had 4 cases in this study with an NPM1 mutation along with an IDH1 (GenBank 3417) or IDH2 (GenBank 3418) mutation that did not have a coexisting FLT3 or DNMT3A mutation; this combination of mutations is associated with a favorable outcome. 6 Finally, virtually all AML samples are clonally complex at presentation; subclones can have unique functional properties that are sometimes critical for relapse. 33, 34 Therefore, we suspect that the mutational and clonal complexity of this disease will confound efforts to classify risk, if assessment is based only on the mutations that are detected at presentation. The data presented in this report begin to define a genomic method for the risk stratification of patients with AML that places greater emphasis on the clearance of somatic mutations after chemotherapy than the identification of specific mutations at the time of presentation. It builds on previous observations that utilized the clearance of cytogenetic markers to predict relapse risk, 12,13 but extends these findings considerably because it appears to be broadly applicable for intermediate risk patients, which usually have a normal karyotype. Although this study was not designed to determine the optimal clearance threshold for the association with outcomes, it represents a foundation for prospective trials focused on the role of digital sequencing to improve risk stratification for AML patients, and perhaps other cancer types as well.
Conclusions
The detection of persistent leukemia-associated mutations in at least 5% of bone marrow cells in day 30 remission samples was associated with a significantly increased risk of relapse, and reduced overall survival. These data suggest that this genomic approach may improve risk stratification for patients with AML.
